1. Introduction {#SEC1}
===============

In the genetic codes, although synonymous codons encode the same amino acid, these codons are not used with equal proportions. Certain synonymous codons, known as the optimal codons (OCs), are preferred to the other codons, as witnessed more prominently in the high expression genes (HEGs) in genomes.[@dsw027-B1]^,^[@dsw027-B2] The selection on OCs in the HEGs is reportedly a function of cellular adaptation for faster and/or more accurate translation.[@dsw027-B3] Different factors such as genome G + C%,[@dsw027-B8] anticodon modification and codon--anticodon interaction[@dsw027-B4]^,^[@dsw027-B9] and tRNA gene numbers[@dsw027-B13] are believed to influence OC selection in the HEGs in bacteria. In addition to the above, selection on mRNA secondary structure and stability,[@dsw027-B18] protein structure,[@dsw027-B23] protein folding kinetics,[@dsw027-B6]^,^[@dsw027-B24] are known to influence codon usage bias in genes.

Whether the selection of OCs is dependent upon these extrinsic factors mentioned above or upon the triplet sequence itself, has not been explored in detail. One of the approaches to find out the influence of the nucleotide sequence itself on their selection as OCs for different amino acids is to study and compare the OCs for different amino acids across different bacteria. A simple assumption is that the extrinsic factors influencing codon usage bias is likely to vary across bacteria but the intrinsic feature of a codon remains invariable. In this regard, there are several reports of analysis of the OCs in bacteria. Sharp et al. (2005)[@dsw027-B27] observed that the C-ending codons of Phe, Tyr, Asn and Ile are always used as the OCs in preference to the U-ending codons in different species of bacteria. The findings of Sharp et al. (2005)[@dsw027-B27] were in support of the earlier observation that growth rate influences the strength of translational selection in bacteria.[@dsw027-B15] So, it is the C-ending codons in these amino acids that are selected as the OCs across bacteria.[@dsw027-B27] Sharp et al. (2005)[@dsw027-B27] analysed only the WWY codons of the four amino acids that are decoded by one anticodon each. Whether the observation is also valid for the other three amino acids such as His, Asp and Cys that are encoded only by the NNY codons was not explored in their study.

In case of amino acids encoded by six or four synonymous codons, there are isoacceptor tRNAs in an organism for decoding these codons. The variation of the copy number of the isoacceptor tRNAs, multiple codon--anticodon interactions increase the variability of the extrinsic mechanisms in the selection of the OC in a bacterium. Recently, we reported that GGU and CGU with respect to Gly and Arg, respectively are selected as the OCs in bacteria.[@dsw027-B30] This finding is important because both Gly and Arg are encoded by the codons belonging to the 4- and 6-fold degenerate families, respectively. This study[@dsw027-B30] indicates that the sequence of nucleotides in a triplet is important for OC selection.

Published articles on the roles of the extrinsic factors such as genome composition and tRNA gene number on the selection of OCs have not provided any conclusion in this regard.[@dsw027-B8]^,^[@dsw027-B31] To address the above issue, we analysed the codon usage bias in all the 18 amino acids (Met and Trp encoded by one codon each were not considered) in 221 different species of bacteria belonging to 15 different phylogenetic groups. Comparison of the codon usage bias between the HEGs and the whole genome *vis-à-vis* the genome composition suggested that there is amino acid specific influence with regard to OC selection across bacteria. What is interesting is that only some of synonymous codons are selected as the OCs across bacteria. It was also observed that OCs for some amino acids can be different among bacteria belonging to different phylogenetic groups. Observations in this study indicate that the intrinsic differences among the synonymous codons may contribute towards their abundance values in a genome and in the choice of specific synonymous codon as the OC with respect to particular amino acid.

2. Materials and methods {#SEC2}
========================

Gene sequences of the bacterial genomes considered in the present study were downloaded from the DDBJ site ([www.gib.genes.nig.ac.jp](http://www.gib.genes.nig.ac.jp)) (the gene sequences were taken from the site in 2011). Several HEG sequences (ribosomal protein, translation factor, *rpoB* and *rpoC* gene sequences)[@dsw027-B27] were also taken from the NCBI site ([www.ncbi.nlm.nih.gov](http://www.ncbi.nlm.nih.gov)). The total tRNA gene numbers were collected from the Genomic tRNA Database (<http://gtrnadb.ucsc.edu>), which uses tRNAscan-SE to classify tRNA into different groups on the basis of their anticodon sequences.[@dsw027-B32] In this study, we considered 221 unique species of bacteria whose tRNA gene numbers and gene annotations were available in the online databases. These bacteria were with genomic G + C% between 72.83 and 22.44 and belong to 15 different phylogenetic groups of bacteria ([Table 1b](#dsw027-T2){ref-type="table"}). Table 1b.Bacteria belonging to different phylogenetic groups and their genomic G + C% considered in the present studyS. No.GroupNo. of strainsMaximum G + C%Minimum G + C%Average G + C%1Actinobacteria2372.8346.3164.452α-Proteobacteria3568.7927.5148.113Aquificae143.343.343.34Bacteroidetes866.1322.4440.265β-Proteobacteria1768.4950.7263.476Chlamydiae641.3139.1940.107Chlorobi156.5356.5356.538Chloroflexi147.0347.0347.039Cyanobacteria862.0031.3247.0910Δ-Proteobacteria671.3850.6562.2711ϵ-Proteobacteria1144.5427.0536.5612Firmicutes3856.9828.2138.4413γ-Proteobacteria4768.6722.4848.1914Spirochaetes540.2427.7733.8115Tenericutes1440.0123.7728.58[^2]

In general, the codons present in greater abundance and therefore used more frequently in the HEGs in comparison to all the genes in the genome are considered as the OCs.[@dsw027-B4]^,^[@dsw027-B30] In our study here, to avoid the borderline cases, we considered those codons as the OCs, which are with abundance values of 5% or higher in the HEGs than the same with respect to all the genes of the genome. Codon abundance values, synonymous codon frequency ranks and the percentage of amino acid usage were calculated using a computer programme written in the C language. Figures were plotted using the Microsoft Excel. The relative synonymous codon usage values (RSCU) of codons were calculated according to the formula given by Sharp and Li (1986).[@dsw027-B33] RSCU~diff~ is defined as the subtraction value between the RSCU value of a codon in the HEGs and the RSCU value of a codon in the genome.

3. Results {#SEC3}
==========

3.1. Optimal codons for different amino acids do not follow a common pattern with regard to genome composition {#SEC3.1}
--------------------------------------------------------------------------------------------------------------

The study was based on the codon usage bias in 221 bacteria ([Supplementary Table 1](http://dnaresearch.oxfordjournals.org/lookup/suppl/doi:10.1093/dnares/dsw027/-/DC1)). The bacteria considered in this study included single strain from different species and also contained bacteria from 15 different phylogenetic groups. The 221 bacteria were divided into two groups depending on the total number of tRNA genes present in their genomes: (i) the high tRNA number (HTN) group having a number of tRNA genes ≥ 50 and (ii) the low tRNA number (LTN) group having the number of tRNA genes \< 50. Bacteria included in the HTN were presumed to have a strong translational selection in codon usage bias and those included in the LTN were presumed to have a weak translational selection as had been defined earlier.[@dsw027-B15]^,^[@dsw027-B31] Both HTN and LTN bacteria were further arranged in different groups according to their genome G + C%. As the maximum G + C% known in bacterial genomes is 75%, five different groups were made ranging from the very high (VH) G + C% to the very low (VL) G + C% genomes as follows: VH (G + C% ≥ 65), high (H; 55 ≤ G + C% \< 65), moderate (M; 45 ≤ G + C% \< 55), low (L; 35 ≤ G + C% \< 45) and VL (G + C% \< 35). The HTN included total 119 bacteria whereas the LTN included 102 bacteria ([Table 1a](#dsw027-T1){ref-type="table"}). Table 1a.Number of bacteria studied in the HTN and the LTN groupsG + C%HTNLTNVH2113H308M2410L3235VL1236Total119102[^3]

In several instances, bacteria belonging to different phylogenetic groups are also found with restricted genome G + C composition. For example, Actinobacteria and β-Proteobacteria are with high genome G + C composition, whereas Firmicutes and Tenericutes are with low genome G + C composition. In this study, the number of bacteria from the different phylogenetic groups considered for analysis of OC is variable. To find out if there is specific OC choice in bacteria according to their phylogenetic group, that might have been overlooked during analysis by dividing the bacteria according to genome G + C composition as described above, analysis of OCs was also performed in these bacteria by dividing them into different groups according to their phylogeny ([Table 1b](#dsw027-T2){ref-type="table"}). Therefore, the OCs for the different amino acids were found out in the above bacteria on the basis of genome composition as well as phylogenetic affiliations ([Table 1a](#dsw027-T1){ref-type="table"} and [b;](#dsw027-T2){ref-type="table"} [Fig. 1a](#dsw027-F1){ref-type="fig"} and [b](#dsw027-F2){ref-type="fig"}). The OC compositions in different amino acids grouped under different degenerate codons were as follows. Figure 1aOptimal codons of 18 amino acids in the HTN and in the LTN groups of bacteria within different genomic G + C% groups. A codon is considered as the OCs if it is used more frequently in the set of HEGs in comparison to all the genes in a genome. In our study here, to avoid any borderline cases, we considered those codons as the OCs, which are with abundance values of 5% or higher in the HEGs than the same with respect to all the genes of the genome. OCs were found out in 221 bacteria ([Supplementary Table 1](http://dnaresearch.oxfordjournals.org/lookup/suppl/doi:10.1093/dnares/dsw027/-/DC1)). The bacteria were considered in two groups: (A) HTN and (B) LTN. Further, in each of the two groups, bacteria were grouped into five sub-groups according to their genome G + C% (i) VH, 65.0 ≤ G + C%; (ii) H, 55.0 ≤ G + C% \< 65.0; (iii) M, 45.0 ≤ G + C% \< 55.0; (iv) L, 35.0 ≤ G + C% \< 45.0 and (v) VL, G + C% \< 35.0. Numbers of bacteria considered in each sub-group were given in [Table 1](#dsw027-T1){ref-type="table"}. The colour code is used to represent % of bacteria in the G + C% group where the codon was observed more frequent in the HEGs than the whole genome. For the raw data, please refer to [Supplementary Table 2](http://dnaresearch.oxfordjournals.org/lookup/suppl/doi:10.1093/dnares/dsw027/-/DC1). Figure 1bOptimal codons of 18 amino acids in bacteria within different phylogenetic groups. As described earlier for Fig.1a, the OCs found out in 221 bacteria and were considered in 15 groups ([Table 1b](#dsw027-T1){ref-type="table"}) according to the phylogeny. Out of the 15 groups, three groups having only one bacterium each were not considered for further analysis. The colour code is used to represent % of bacteria in the phylogenetic group where the codon was observed more frequent in the HEGs than the whole genome. For the raw data, please refer to Supplementary [Supplementary Table 3](http://dnaresearch.oxfordjournals.org/lookup/suppl/doi:10.1093/dnares/dsw027/-/DC1).

3.2. Optimal codons for the amino acids encoded only by the Y-ending codons {#SEC3.2}
---------------------------------------------------------------------------

Only the C-ending codons were found as the OCs for the five amino acids, *viz*, Asn, Asp, His, Phe and Tyr ([Table 2](#dsw027-T3){ref-type="table"}) in all the bacteria irrespective of the genome G + C compositions. The observation was also consistent across the different phylogenetic groups ([Table 2](#dsw027-T3){ref-type="table"}). Selection of the C-ending codons in these amino acids can be explained on the basis of codon--anticodon interaction.[@dsw027-B28] The only anticodon G~34~ (G at the first anticodon position) is used to decode both the synonymous codons of an amino acid. The C~3~:G~34~ (C~3~: C at the third codon position; G~34~: G at the first anticodon position) pairing at the wobble position is preferred to the U~3~:G~34~ pairing at the same position. But the same explanation is not tenable in case of the Cys codons. In the case of Cys, though the C-ending codon was found to be the OC in the high G + C% genomes as we observed for the other amino acids discussed above, the U-ending codon was the OC in the low G + C% genomes. Our observation here for the Cys codons is consistent with the observations made earlier by Iriarte et al. (2013)[@dsw027-B34] in the family Enterobacteriaceae. Usually, the abundance of Cys is not high in the proteome of an organism. Whether this is the reason for the exceptional behaviour of the Cys codons in the low G + C% genomes is not known. In case of *Saccharomyces cerevisiae*, UGU was observed as the selected codon in the HEGs.[@dsw027-B35]^,^[@dsw027-B36] Wald et al. (2012)[@dsw027-B29] gave an additional explanation of translational accuracy to explain the selection of C~3~ to U~3~ in amino acids encoded only by the Y-ending codons in the split codon boxes (the four codons in a box are not synonymous; His and Gln are encoded by split codon box). In a split codon box, usually the U~34~ anticodon decodes the NNR codons (the Gln codons, for example) while the G~34~ anticodon decodes NNY codons (the His codons, for example). While the G~34~ accurately decodes the NNY codons, the U~34~ apart from accurately decoding the NNR codons has a possibility of wrongly coding the U~3~ codon of the split codon box. So to avoid the translational error in the HEGs due to mispairing of the U~34~ anticodon with the U~3~ codon of a split codon box, the C~3~ codons are selected more than the U~3~ codons in these genes. As the UGG codon for Trp (Trp and Cys are part of the same spilt codon box) is decoded by the C~34~ anticodon, the greater abundance of the U~3~ codon Cys is not likely to be a problem for the cell. If it is true, then the observations in the case of Cys should also have been extended to the Tyr (UAY) and Ile (AUY) codons as there is no U~34~ anticodon in these two split codon boxes. While in the case of Tyr, the selection of U-ending codon was not observed in general, in case of Ile, the selection of U-ending codon was observed in some bacterial groups. It is pertinent to note that there is a strong G:C base pairing at the second codon position in case of the Cys codons, and there is absence of any G:C base pairing at the first and the second codon positions in case of Ile and Tyr codons, which makes the C-ending codon more important for Ile and Tyr than in the case of Cys. The other possibility that selection of the U-ending codons in the HEGs might be an adaptation against the non-sense error,[@dsw027-B37] i.e. the release factor has an erroneous preference to UGC than to UGU to cause premature translation termination. But this argument contradicts the selection of UGC in the high G + C genomes and also the selection of the C-ending codon in case of Tyr, which is encoded by the spilt codon box having stop codons. The other possibility of the selection of OCs in the direction of genome composition may be attributed to more stable mRNA secondary structure of HEGs. Table 2.A general pattern indicating amino acid specific determination of OCs in different bacterial groupsDegeneracyAmino acidsSelected OCs in the high expression genes[\*](#dsw027-TF3){ref-type="table-fn"}Two (NNY)Phe, Tyr, Asn,His and AspC-ending codons in all genomesCysC-ending codon in G + C high genomes (e.g. Actinobacteria, β-Proteobacteria) and U-ending codon in G + C low genomes (e.g. Firmicutes)Two (NNR)Gln and LysThe G-ending codons in the G + C high (e.g. Actinobacteria, β-Proteobacteria) and the A-ending codons in the G + C low genomes (Firmicutes). Exception is Spirochaetes (G + C low) where the G-ending codonGluThe G-ending codons in G + C high/low genomes (e.g. Actinobacteria and Spirochaetes) and the A-ending in G + C high/low genomes (e.g. β-Proteobacteria and Firmicutes)ThreeIleC-ending codons in G + C high and U/C-ending in G + C low genomesFourVal, Thr and AlaY-ending codons (C-ending codons in G + C high and U-ending in G + C low genomes)ProR-ending codons (G-ending codons in G + C high and A-ending in G + C low genomes)GlyY-ending codons (U/C-ending codons in G + C high and U-ending in G + C low genomes)SixLeu and SerFamily box codons (G/C-ending codons in G + C high and A/U-ending in G + C low genomes)ArgY-ending codon (U/C-ending codons in G + C high and U-ending codon in G + C low genomes)[^4]

3.3. Optimal codons for the amino acids encoded only by the R-ending codons {#SEC3.3}
---------------------------------------------------------------------------

In case of Glu, the A-ending codon was found as the OC across all G + C compositions. In case of Gln and Lys, the G-ending codons were found as the OC in G + C% high genomes while the A-ending codons were found as the OC in low G + C% genomes. Observations in the HTN and LTN were similar. The analysis in bacteria revealed that the selection of OCs was phylogeny specific in case of Glu. For example, in Actinobacteria (high G + C) and Spirochaetes (low G + C) the GAG was the OC whereas in β-Proteobacteria (high G + C) and Firmicutes (low G + C) the GAA was the OC. In case of y-Proteobacteria, GAA is selected as the OC, irrespective of genome composition. Glu is an example where the OC is selected according to the phylogenetic affiliation of the bacteria but not by genome G + C%. Earlier, it was demonstrated that GAA was a favoured codon over GAG in the HEGs in *Escherichia coli* and the speed of translation was higher in case of GAA than that of GAG.[@dsw027-B38]^,^[@dsw027-B39] Unlike the amino acids encoded by the Y-ending codons described before, for the amino acids encoded by the NNR codons, bacteria uses either U~34~ or both U~34~ and C~34~ anticodons: the U~34~ can decode both the A~3~ and the G~3~ codons, while the C~34~, decodes only the G~3~ codons. While the occurrence of the U~34~ is there in all bacteria, the C~34~ is generally found in bacteria with high G + C genomes.[@dsw027-B40] The availability of two anticodons increases the effectiveness/probability of codon--anticodon pairing for an amino acid. Though the C~34~ anticodon usually occurs in the high G + C% genomes, in case of β-Proteobacteria, in spite of being high G + C genomes, C~34-~Glu anticodon was not observed.[@dsw027-B40] This might be due to the fact that GAA is selected as the OC in this group of bacteria. In the case of Actinobacteria, which is also high G + C genome, where the GAG codon was selected as the OC, the C~34-~Glu was present in all the bacteria in this group.[@dsw027-B40] However, in case of Spirochaetes, C~34-~Glu was not found in all the bacteria, though GAG was selected as the OC. This indicates that the occurrence of C~34~ is not essential for the GAG selection as the OC, rather some phylogeny specific feature may contribute for its selection.

The U~34~ modification is same in case of tRNA of Gln (tQ), Glu (tE) and Lys(tK).[@dsw027-B10] However, the choice of OC in case Glu was not found to be the same as for Lys and Gln in all the bacteria under consideration. A recent study with anticodon modifying enzyme in eukaryotes have revealed that the hypomodification of U~34~ affects translation of CAA and AAA codons of Gln and Lys, but not GAA,[@dsw027-B12] the codon of Glu. This indicates that choice of OC in case of these three amino acids may not be always dependent upon the anticodon modification. In the Tenericutes, Chlamydiae and ϵ-Proteobacteria with low G + C genomes, no OC was evident as far as these three amino acid codons are concerned, though the selection of OC for the other amino acids was observed in these bacteria. The reason for the lack of specific choice of any synonymous codons as an OC in these groups needs further investigation. In case of Lys and Gln, the G-ending codon selection in the case of low G + C Spirochaetes was found as an exception also.

Krüger et al. (1998)[@dsw027-B41] reported that the different modifications of the U~34~ nucleotide in the anticodon of tE had different effects on the decoding rates of the GAA and GAG codons. Anticodon modifying enzymes has an impact on the selection of OC in bacteria.[@dsw027-B4] It has been demonstrated now that this modification is important for the rate of decoding of the cognate codons in tune with the kinetics of translation and co-translational protein folding.[@dsw027-B12] Therefore, a detailed study of the effect of U~34~ modification enzymes on the anticodon of tRNA in decoding the codons of split boxes will give insight into the role of these enzymes and the choice of the OC in bacteria belonging to different phylogenetic groups.

3.4. Optimal codon for Ile {#SEC3.4}
--------------------------

The C-ending codon was the OC in most of the bacteria while the U-ending codon was the OC in some low G + C genomes such as Tenericutes and Chlamydiae. Observations with respect to the HTN and the LTN were similar ([Table 2](#dsw027-T3){ref-type="table"}). As has been discussed above, the selection of AUU as the OC in some low G + C bacteria in case of Ile is likely to have similarity with Cys due to the absence of the U~34~ anticodon for the split codon box. Except in some bacteria belonging to Firmicutes, AUA was generally not observed as the OC in any other group of bacteria. AUA is a rare codon in bacteria, which is decoded by the anticodon CAU. The C~34~ is modified to k2C~34~, to make correct pairing with AUA and to avoid incorrect pairing with the AUG codon.[@dsw027-B42] There are also instances where AUA is decoded by U~34~ in some specific groups of bacteria.[@dsw027-B43] The intrinsic feature such as the UA dinucleotide, which is generally avoided in the HEGs in bacteria,[@dsw027-B44] might be a reason for AUA not being the OC in bacteria.

3.5. Optimal codon for the amino acids encoded only by the 4-fold degenerate family box codons {#SEC3.5}
----------------------------------------------------------------------------------------------

Based upon the choice of the OCs in bacteria, in general, the five amino acids, *viz*., Ala, Gly, Pro, Thr and Val, can be divided into three groups---first, in case of Ala, Thr and Val, the C-ending codons were found as the OC in the high G + C% genomes while the U-ending codons were found as the OC in the low G + C% genomes; second, in the case of Gly, both the U-ending and the C-ending codons were found as the OC in the high G + C% genomes, while only the U-ending codon was found as the OC in the low G + C% genomes; third, in case of Pro, the G-ending codon was found as the OC in the G + C% high genomes while the A-ending codon was found as the OC in the G + C% low genomes ([Table 2](#dsw027-T3){ref-type="table"}). Therefore, in these five amino acids either the Y-ending codons or the R-ending codons were observed as the OCs in bacteria. The HTN and the LTN groups were similar for all the amino acids with respect to the OC.

The observation of more than one OCs for these amino acids in a genome is possible due to higher degeneracy. We analysed the OCs for these five amino acids in different bacteria according to their phylogenetic affiliations ([Table 2](#dsw027-T3){ref-type="table"}). Bacteria use different isoacceptor tRNAs to decode the four different synonymous codons in a family box, which is described under various sparing strategies.[@dsw027-B10] Choice of OCs in family box codons is influenced by anticodon modification and tRNA gene copy number in bacteria.[@dsw027-B4] The modification of U~34~ in tRNAs across different family box codons is similar and this modification is different from that of the U~34~ in tRNAs of split codon boxes.[@dsw027-B10] In case of Gly, the Y-ending codons were selected as the OC across different groups of bacteria. It has been reported earlier that decoding of the GGG codon is prone to −1 frameshift during translation.[@dsw027-B45] This might be a reason for the less preference of this codon in the HEGs. In case of Pro, the CCC codon was not selected as the OC in bacteria which might be due to the fact that this codon is prone to +1 frameshift during translation.[@dsw027-B46] Apart from this, translation speed is hindered by the Pro codons both at the 'P' and the 'A' sites of a ribosome due to the difference in the chemical structure of this amino acid from the other amino acids.[@dsw027-B47] In a case similar to Gly, the G-ending codons were not selected as the OC in case of Val, Ala and Thr, across different groups of bacteria. We believe that the intrinsic nature of these codons of different amino acids is likely to contribute towards their choice of OCs in bacteria.

The choice for the OCs is likely to be influenced by the tRNA gene copy number in bacteria. The gene copy number of G~34~ anticodon, which is used to decode the Y-ending codons, is higher for Gly and is lower for Pro than the G~34~ anticodons for the other amino acids.[@dsw027-B40] This is in concordance with the choice of GGU/GGC as the OC(s) and avoidance of CCC as an OC in bacteria. Transfer RNA with either U~34~ or G~34~ at the wobble position can pair with either the R-ending or the Y-ending codons, respectively. Therefore, if the GGG triplet is not favoured as the OC, there will be no selection for the higher copy number of the tRNA with U~34~ anticodon. Low U~34~ tRNA will automatically not prefer the GGA triplet as the OC. Therefore, in general, either the Y-ending or the R-ending codons are being selected as the OC for these amino acids in bacteria. As the G-ending codon in Val and Ala are not preferred as the OC, the C~34~ is also a less preferred anticodon for these amino acids.[@dsw027-B40]

3.6. Optimal codon for the amino acids encoded by 6-fold degenerate codons {#SEC3.6}
--------------------------------------------------------------------------

Depending upon the choice of the OCs across bacteria, the three amino acids Arg, Leu and Ser can be divided into two groups---first, both U-ending and C-ending codons were found as the OC in the high G + C% genomes, while only the U-ending codon was found as the OC in the low G + C% genomes, in the case of Arg; second, in the case of Ser and Leu, the C-ending and the G-ending codons were found as the OC in the high G + C% genomes, while the U-ending and the A-ending codons were found as the OC in the low G + C% genomes ([Table 2](#dsw027-T3){ref-type="table"}). In the three amino acids, the OCs were observed mostly from the family box codons and were less preferred from the split codon boxes. The observation with respect to the HTN and the LTN were similar for all the amino acids.

We studied the OCs of these three amino acids in bacteria that were divided according to their phylogenetic groupings ([Table 2](#dsw027-T3){ref-type="table"}). In case of Arg, the CGU and the CGC codons were largely selected as the OC across different bacteria. The other four synonymous codons were generally not observed as the OC; however, in some bacterial groups such as Spirochaetes, Firmicutes and ϵ-Proteobacteria with low genome G + C%, AGA was also observed as the OC to some extent. It is pertinent to note that anticodons and its modifying enzymes used in bacteria to decode the Arg family box codons are different from the family box codons of the other amino acids.[@dsw027-B10] I~34~ in tR is used to decode the U/C/A-ending codons whereas C~34~ is used to decode the G-ending codon. It is important to note that though there is similarity between Arg and Gly with respect to the choice of the OC ([Fig. 1b](#dsw027-F2){ref-type="fig"}), there is a difference regarding modification in anticodons of tG and tR.

In case of Leu, the choice of the OC in bacteria was found to be influenced by their phylogenetic affiliations. In case of γ-Proteobacteria and β-Proteobacteria which are more closely related phylogenetically in comparison to the Proteobacteria,[@dsw027-B48] CUG was selected as the OC, which is different from δ-Proteobacteria and ϵ-Proteobacteria. In case of Firmicutes, UUA, UUG and CUU were selected as the OCs. CUA was avoided as the OC in all the bacterial group. In case of γ-Proteobacteria and β-Proteobacteria, the tRNA gene copy number with C~34~ anticodon, which decodes the CUG codon, was higher than that in the other group of bacteria.[@dsw027-B40]

In case of Ser, the choice of OCs was found only from the four family box codons. OCs were found to be selected according to genome composition. For example, UCA and UCU were selected as OC in Firmicutes, Tenericutes (low G + C% genomes) whereas UCC and UCG were selected as OC in Actinobacteria, β-Proteobacteria (high G + C% genomes). In case of ϵ-Proteobacteria and Chlamydiae, low selection of OC was observed.

Study of codon usage bias in different amino acids exhibited that there is amino acid specific influence for the selection of OCs in bacteria. For example, out of the six codons of Ser, the AGY codons were never selected as the OCs in any group of bacteria. Though the OCs were selected within the family box codons, the principle for the Leu and Ser that are encoded by six synonymous codons is different from the amino acids encoded by the four synonymous codons. This relationship between degeneracy of the codons and the principle of selection for the OCs in amino acids is surprising and interesting considering the fact that the set of anticodons used to decode the different family box codons as well as the anticodon modifying enzymes for family box tRNA is similar in a bacterium. Therefore, it is less likely that the above observation was a consequence of the anticodons.

3.7. The abundance of most of the OCs is higher than the synonymous codons with same G + C composition in a genome {#SEC3.7}
------------------------------------------------------------------------------------------------------------------

It is known that genome G + C% strongly influences the abundance value of a synonymous codon in genomes.[@dsw027-B49] Two synonymous codons with the same G + C composition were available in case of amino acids encoded by 4- or 6-fold degeneracy codons. In the above section, we observed that out of the two synonymous codons with same G + C%, one of the codons was selected as the OC in many bacteria. This prompted us to compare the abundance values between two synonymous codons having the same G + C% and their selection as the OCs in genomes. Their abundance comparison in amino acids encoded by 4-fold degeneracy and 6-fold degeneracy codons was presented in [Table 3](#dsw027-T4){ref-type="table"}. The results of the comparison between the C-ending and the G-ending codons in VH, H and M groups in the eight family boxes were presented. Table 3.Comparison of the abundance values of the synonymous codons in bacteria with same G + C composition within family boxesAAVHHMValHTNG~3~ \> C~3~[\*](#dsw027-TF4){ref-type="table-fn"}G~3~ \> C~3~[\*\*](#dsw027-TF5){ref-type="table-fn"}G~3~ \> C~3~[\*](#dsw027-TF4){ref-type="table-fn"}LTNG~3~∼C~3~G~3~ \> C~3~[\*](#dsw027-TF4){ref-type="table-fn"}G~3~ \> C~3~[\*\*](#dsw027-TF5){ref-type="table-fn"}ProHTNG~3~ \> C~3~[\*](#dsw027-TF4){ref-type="table-fn"}G~3~ \> C~3~[\*](#dsw027-TF5){ref-type="table-fn"}G~3~ \> C~3~[\*](#dsw027-TF5){ref-type="table-fn"}LTNG~3~∼C~3~G~3~∼C~3~G~3~∼C~3~ThrHTNC~3~ \> G~3~[\*](#dsw027-TF4){ref-type="table-fn"}C~3~ \> G~3~[\*](#dsw027-TF5){ref-type="table-fn"}C~3~ \> G~3~[\*](#dsw027-TF5){ref-type="table-fn"}LTNC~3~ \> G~3~[\*](#dsw027-TF5){ref-type="table-fn"}C~3~ \> G~3~[\*](#dsw027-TF5){ref-type="table-fn"}C~3~ \> G~3~[\*](#dsw027-TF5){ref-type="table-fn"}AlaHTNC~3~ \> G~3~[\*](#dsw027-TF4){ref-type="table-fn"}C~3~ \> G~3~[\*](#dsw027-TF5){ref-type="table-fn"}C~3~∼G~3~LTNC~3~ \> G~3~[\*](#dsw027-TF4){ref-type="table-fn"}C~3~ \> G~3~[\*](#dsw027-TF4){ref-type="table-fn"}C~3~ \> G~3~[\*](#dsw027-TF4){ref-type="table-fn"}GlyHTNC~3~ \> G~3~[\*](#dsw027-TF5){ref-type="table-fn"}C~3~ \> G~3~[\*](#dsw027-TF5){ref-type="table-fn"}C~3~ \> G~3~[\*](#dsw027-TF5){ref-type="table-fn"}LTNC~3~ \> G~3~[\*](#dsw027-TF5){ref-type="table-fn"}C~3~ \> G~3~[\*](#dsw027-TF4){ref-type="table-fn"}C~3~ \> G~3~[\*](#dsw027-TF5){ref-type="table-fn"}LeuHTNG~3~ \> C~3~[\*](#dsw027-TF5){ref-type="table-fn"}G~3~ \> C~3~[\*](#dsw027-TF5){ref-type="table-fn"}G~3~ \> C~3~[\*](#dsw027-TF5){ref-type="table-fn"}LTNG~3~ \> C~3~[\*](#dsw027-TF4){ref-type="table-fn"}G~3~ \> C~3~[\*](#dsw027-TF5){ref-type="table-fn"}G~3~ \> C~3~[\*](#dsw027-TF5){ref-type="table-fn"}SerHTNG~3~ \> C~3~[\*](#dsw027-TF5){ref-type="table-fn"}G~3~ \> C~3~[\*](#dsw027-TF4){ref-type="table-fn"}G~3~∼C~3~LTNG~3~ \> C~3~[\*](#dsw027-TF5){ref-type="table-fn"}G~3~ \> C~3~[\*](#dsw027-TF4){ref-type="table-fn"}G~3~∼C~3~ArgHTNC~3~ \> G~3~[\*](#dsw027-TF5){ref-type="table-fn"}C~3~ \> G~3~[\*](#dsw027-TF5){ref-type="table-fn"}C~3~ \> G~3~[\*](#dsw027-TF5){ref-type="table-fn"}LTNC~3~ \> G~3~[\*](#dsw027-TF5){ref-type="table-fn"}C~3~ \> G~3~[\*](#dsw027-TF4){ref-type="table-fn"}C~3~ \> G~3~[\*](#dsw027-TF5){ref-type="table-fn"}[^5][^6]

The C-ending codons were more abundant than the G-ending codons in case of Ala, Gly and Thr. In fact, the C-ending codons were the OCs in these amino acids. In case of Pro, the G-ending codon was more abundant than the C-ending codon, which was in concordance with the selection as the OC. However, in case of Val, the G-ending codon was more abundant than the C-ending codon, though the latter was selected as the OC. In the HTN and the LTN, the abundance patterns of the different amino acid codons were similar.

In case of Arg, the abundance value of CGC was more than that of CGG. In fact, CGC was selected as the OC. In case of Leu, CUG abundance was higher than CUC. CUG was selected as the OC more often than CUC. In case of Ser, abundance values of the synonymous codons with the same G + C% were similar.

It is often observed that the abundance values of the OCs are higher than the abundance values of the synonymous codons with the same G + C%. In some cases, variations were observed. The differential abundance values between two synonymous codons with the same G + C composition for an amino acid were following a uniform pattern across different bacteria. Why in some amino acids such as Val and Ser, abundance values of OCs is not higher than the other synonymous codons with same G + C composition is an interesting question.

4. Discussion {#SEC4}
=============

The earlier notion was that the extrinsic factors such as genome G + C%, tRNA gene numbers, etc., cause the difference in abundance values among the synonymous codons. The interesting point emerged in this study is the amino acid specific choice of OC in bacteria depending upon their phylogenetic affiliations, which is independent of their genome composition and tRNA gene number. For example, the observation of GAA as OC in β-Proteobacteria and GAG as OC in the Spirochaetes in this study are the vindication of the influence of some bacterial phylogeny specific mechanisms influencing OC choice for Glu in these bacteria. Similarly, the observation of CUG as OCs in β-Proteobacteria and γ-Proteobacteria, that are phylogenetically closed than any other Proteobacteria also indicates a role of phylogeny specific mechanisms for OC choice in case of Leu in bacteria. The OCs for the three amino acids Gln, Glu and Lys, encoded only by the R-ending codons in split codon boxes were observed to be influenced maximally by the phylogeny of bacteria. The U~34~ of these tRNA undergoes different modifications to avoid frameshift mutation,[@dsw027-B52] correct decoding,[@dsw027-B53]^,^[@dsw027-B54] to avoid miscoding of the non-synonymous codons of the amino acids of the split codon boxes,[@dsw027-B54]^,^[@dsw027-B55] effective speed of decoding,[@dsw027-B12] during the translation. Our future research is aimed at doing a comparative study of the anticodon modifying enzymes across different phylogenetic groups of bacteria.

The observation of the OCs limiting to only some synonymous codons for different amino acids across bacteria is interesting in this study. Why is this discrepancy among the codons? There are some known mechanisms such as frameshift mutation in case of GGG and CCC codon for which these codons are avoided as the OC in bacteria. But the reason is not known for some other non-OCs observed in this study such as CUA, CGR, G-ending codons of Ala, Val and Thr, and AGY. The findings in this study clearly indicate that the potential of all synonymous codons with regard to their selection as OCs in bacteria is not same even though they are encoding the same amino acid.

There may be an influence of the preference and avoidance of dinucleotides during OC selection. The UA dinucleotide is not preferred in genomes,[@dsw027-B44]^,^[@dsw027-B56] which might influence UUA, CUA, AUA and GUA for not being selected as the OC in any bacteria. Similarly for selection of CGU, GGU and UGU as the OCs, it may be argued that GU is the selected dinucleotide at the second codon position. Interestingly, the reverse complement of GU, AC are also observed to be preferred at the second position, as UAC, CAC are selected as the OCs in bacteria. Our finding on OCs is in concordance with the dinucleotide constraint on codon usage bias already reported in bacteria.[@dsw027-B44]

According to our present understanding, codon usage bias in organisms is a cumulative effect of the extrinsic and intrinsic factors. In the selection of the OCs in bacteria whether it is the extrinsic or the intrinsic factor that plays dominant role is not clear. We believe that the amino acid specific role for the selection of the OC in bacteria is decided first by the codon--anticodon interaction. The selection of the C-ending codons in case of amino acids encoded by the NNY codons is a suitable example. In these amino acids, only one anticodon is available to decode both the codons. So out of the two codon--anticodon interactions, the more stable one was selected in all the bacteria irrespective of genome composition. It is also not dependent upon the tRNA gene numbers.[@dsw027-B28] In case of the amino acids encoded by higher degeneracy codons, more than one codon can function as the OCs due to multiple codon--anticodon interactions. In this context, the increase in the copy number of the cognate tRNA complements the efficient translation of the OCs, which is required for bacterial adaptation to growth rate.[@dsw027-B15]^,^[@dsw027-B16] It is not the tRNA gene copy number *per se* which may be essential for selection of the OC for an amino acid.[@dsw027-B28]^,^[@dsw027-B57] Recently, it has been demonstrated that tRNA genes rapidly change in evolution to meet novel translational demands.[@dsw027-B58] It has also been observed that the copy number of only specific isoacceptor tRNA genes increased across bacteria.[@dsw027-B40] The role of anticodon modification enzymes and its effect on the selection of codons in different major taxa of life[@dsw027-B11]^,^[@dsw027-B59] also supports our assumption that codon--anticodon interactions are important determinant factors for the selection of the OCs in bacteria. More research on codon--anticodon pairing during translation is likely to provide empirical evidence in favour of the role of codon--anticodon interaction on the selection of OCs. It is usually believed that mutation pressure maintains the abundance values of two synonymous codons with same G + C% similar in a genome. The consistently higher abundance value of one synonymous codon over the other synonymous codons with same G + C composition across bacteria further supports the contribution from the inherent nucleotide sequence of the triplet codon to its abundance in genomes.

What is the evolutionary advantage or the selective force for having the amino acid specific principle for OC choice across bacteria? It is likely that the principle has enabled microorganisms to receive and express genes from the other microorganisms by lateral gene transfer. For example, both the U- and the C-ending codons of Gly are efficiently translated by the same anticodon.[@dsw027-B10] The translation rate of the gene inside the receptive host is less likely to be affected by the difference in codon usage bias. Now the well-known phenomenon of co-translational protein folding[@dsw027-B60] and the kinetics of translation is important for the structure and function of a protein.[@dsw027-B26] Thus, lateral gene transfer may also get inhibited due to the differential translational kinetics of a gene across different bacteria.[@dsw027-B61]^,^[@dsw027-B62] A recent study has revealed that OC choice between the two archaea groups, Crenarchaea and Euryarchaea, is different for many amino acids,[@dsw027-B63] unlike what we observed for bacteria in this study. As bacteria are evolutionarily different from archaea, the selection force on codon usage bias between the two groups of archaea may not be the same. Similarly in human, which is phylogenetically very different from bacteria and archaea, there is no difference between the high and the low expression genes with respect to codon usage bias.[@dsw027-B64]

A recent publication by Babbitt et al. (2014)[@dsw027-B65] discusses intrinsic DNA flexibility and codon usage bias across different bacteria, which is also in support of the analysis discussed in this paper. In conclusion, our study indicates a vital role of the nucleotide sequence of the triplet in selection as OCs in bacteria that was proposed three decades ago by Thomas et al. (1988).[@dsw027-B66]
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[^1]: Edited by Prof. Kenta Nakai

[^2]: Note: Aquificae, Chlorobi and Chloroflexi groups consisting of only one bacterium each are not considered in the result analysis shown in [Fig. 1b](#dsw027-F2){ref-type="fig"}.

[^3]: VH (very high; G + C% ≥ 65), H (high; 55 ≤ G + C% \< 65), M (moderate; 45 ≤ G + C% \< 55), L (low; 35 ≤ G + C% \< 45) and VL (very low; G + C%\<35).

[^4]: \*All are statistically significant (*chi*-square significance test *P* value \< 0.01).

[^5]: \**P* value \<0.05.

[^6]: \*\**P* value \<0.01 (*chi-*square significant test; H~0~: G and C equal preference; H~A~: unequal preference between G and C).
